1. Introduction {#sec0005}
===============

Despite intensive rehabilitation efforts, the majority of individuals post-stroke display persistent functional disability of the paretic arm and hand. These motor impairments are, in part, a result of maladaptive changes in the strength and organization of structural and functional connections between brain regions ([@ref040]; [@ref041]). Intracortical network interactions between afferent pathways to the somatosensory cortex and efferent pathways within the motor cortex typically result in a balanced pattern of cortical excitation and inhibition that is necessary for motor control in neurologically-intact individuals ([@ref032]). Compromised somatosensory cortical function following stroke may disrupt intracortical interactions between the primary somatosensory (S1) and primary motor cortex (M1) leading to impairments in motor function in individuals post-stroke ([@ref001]). Therapeutic interventions that effectively target sensorimotor pathways could potentially enhance motor recovery in individuals living with post-stroke motor disability.

Neuromodulatory techniques using non-invasive brain stimulation (NIBS) have previously targeted somatosensory networks and motor pathways in isolation, but few studies have implemented NIBS strategies to specifically target pathways of sensorimotor integration. Repetitive transcranial magnetic stimulation (rTMS) and transcranial electrical stimulation (TES) are NIBS approaches that can modulate abnormal brain activity after stroke. However, these techniques have shown limited effectiveness in significantly improving motor function in stroke despite substantial scientific inquiry ([@ref011]; [@ref016]). One important reason may be that rTMS targets a single cortical region rather than targeting associative plasticity mechanisms between cortical regions known to be important for motor function. Modification of synaptic responsiveness at a network level can be induced through associative neuroplasticity mechanisms with paired associative stimulation (PAS). In neurologically-intact individuals, traditional PAS approaches can increase or decrease M1 cortical excitability by repeatedly associating electrical stimulation of a peripheral nerve with a TMS pulse delivered over the contralateral M1 depending on the specific interstimulus interval ([@ref037]). Based on the concept of spike-timing dependent plasticity (STDP), PAS is hypothesized to induce long-term potentiation (LTP)-like plasticity represented by changes in corticomotor excitability when stimulus pairs are repeatedly delivered at an interstimulus interval (ISI: ∼20--25 ms) that maximizes coincident timing of stimuli in the targeted cortical regions ([@ref002]; [@ref024]). In neurologically-intact individuals, facilitatory PAS techniques can increase corticomotor excitability ([@ref002]; [@ref003]; [@ref036]; [@ref038]) and improve motor task performance ([@ref028]). However, there are no studies to date that have investigated the neurophysiologic or behavioral effects of a traditional facilitatory PAS technique in individuals post-stroke. Using a modified PAS paradigm, Castel-Lacanal et al. found increased measures of general corticomotor excitability to wrist extensor muscles in both a group of two ([@ref003]) and six individuals post-stroke ([@ref004]). Another study pairing peripheral nerve stimulation with transcranial direct current stimulation (tDCS) directed towards motor region of the ipsilesional hemisphere observed improvements in performance accuracy on a keyboard-based skilled motor task in individuals post-stroke ([@ref005]). Despite the potential importance to clinical translation, there is a paucity of studies investigating associations between PAS-induced changes in corticomotor excitability and motor behavior. Additionally, the extent to which traditional PAS approaches that can effectively enhance corticomotor excitability in young neurologically-intact individuals may also induce similar neuroplastic changes in individuals after stroke is unknown. Understanding the extent to which PAS can induce positive neuroplastic and motor behavioral changes in stroke patient populations is an important prerequisite to evaluate clinical translational potential.

Previous research has attempted to leverage our understanding of the neural manifestations underpinning paretic arm and hand motor impairment into the development of stroke rehabilitation techniques to improve functional outcomes. Following stroke, there is an observed decrease in ipsilesional M1 corticomotor excitability that results from both decreased facilitatory activity and increased inhibitory activity in GABA-mediated circuits ([@ref045]). This abnormal corticomotor excitability has been associated with the level of post-stroke motor dysfunction ([@ref020]; [@ref022]; [@ref043]) and increases in ipsilesional corticomotor excitability have been shown to parallel improvements in paretic limb motor function over the course of recovery ([@ref029]) and following rehabilitation. ([@ref020]). Thus, stroke rehabilitation approaches that effectively enhance corticomotor excitability within the ipsilesional hemisphere could potentially improve paretic motor function in individuals post-stroke. Given that traditional facilitatory PAS techniques can increase corticomotor excitability in the targeted hemisphere and improve motor task performance in neurologically-intact individuals, it is then conceivable that facilitatory PAS could modulate abnormal activity in intracortical circuits contributing to reduced ipsilesional corticomotor excitability in individuals post-stroke ([@ref002]; [@ref018]; [@ref010]; [@ref028]). Still, the underlying intracortical mechanisms by which PAS induces changes in general corticomotor excitability measures remain speculative even in neurologically-intact individuals amidst inconsistent findings ([@ref002]). Some studies have shown changes in short interval cortical inhibition (SICI) and intracortical facilitation (ICF) following traditional PAS ([@ref021]) while other studies showed no change in measures reflecting the activity of intracortical networks ([@ref034]; [@ref035]; [@ref036]). Considering the atypical cortical network activity observed in the brain after stroke, PAS may well have a different mechanistic corticomotor and behavioral effect in a stroke survivor when compared to a neurologically-intact individual. However, the underlying intracortical mechanisms of PAS-induced neuroplastic and behavioral changes in individuals post-stroke have not been previously investigated.

Currently, there is a limited understanding of PAS-induced neuroplastic and motor behavioral changes in individuals post-stroke. The primary purpose of this study was to determine the capacity for PAS to induce short-term changes in ipsilesional corticomotor excitability in individuals post-stroke. Secondarily, we aimed to investigate the intracortical neural networks underlying PAS-induced changes in corticomotor excitability and explore the behavioral effects of PAS on motor skill performance.

2. Methods {#sec0010}
==========

A single-group repeated measures crossover experimental study design was used ([Fig. 1](#rnn-36-rnn170785-g001){ref-type="fig"}). Seven individuals with chronic stroke (\>6 mo.) (age: 67±11 years, 3 males, Upper Extremity Fugl-Meyer Assessment score: 53±12) were recruited ([Table 1](#rnn-36-rnn170785-t001){ref-type="table"}). Participants were included if they were between the ages of 21 to 85, had a single subcortical ischemic stroke and a Fugl-Meyer score of \>30. Participants were excluded if they had a hemorrhagic stroke due to increased risk for seizure ([@ref019]; [@ref039]), history of multiple clinically-significant strokes, a neurodegenerative disorder or psychiatric diagnosis, or had any contraindications to TMS ([@ref031]). All participants gave written informed consent and the experimental protocol was approved by the Emory University Institutional Review Board.

![Experimental paradigm. During the PAS protocol 180 pulse pairs using an interstimulus interval of N20+5 ms at 0.25 Hz were delivered over the median nerve and primary motor cortex. Measures of corticomotor excitability (1 mV, SICI, ICF, SAI) and motor skill performance (SRTT) were assessed at baseline, immediately following PAS (POST 0) and at 30 and 60 minutes following PAS (POST30 an POST60). (SICI: short interval cortical inhibition, ICF: intracortical facilitation, SAI: short afferent inhibition, SRTT: serial reaction time task).](rnn-36-rnn170785-g001){#rnn-36-rnn170785-g001}

###### 

Participant characteristics. Mean values±1SD are shown. FM: Fugl-Meyer Upper Extremity Assessment; PSD: Post-stroke Duration (in months); RMT: Resting motor threshold

  ID     Age (y)/ gender  CVA location                            PSD (mo)   RMT (iM1) PAS   RMT (iM1) sham   FM score
  ----- ----------------- -------------------------------------- ---------- --------------- ---------------- ----------
  S02         46/F        L BG/IC/TL                                 30           50               49            62
  S03         64/F        R ACA                                      42           63               58            58
  S04         62/F        L IC                                      145           68               73            59
  S06         80/M        R MCA                                      35           45               46            35
  S08         75/M        R Thalamus, Cerebral peduncle, BG/IC       12           64               63            54
  S09         74/F        R Corona radiata, caudate, putamen         13           35               38            40
  S10         66/M        L BG                                      133           53               55            66

2.1. Assessment of motor behavior {#sec0015}
---------------------------------

A modified version of the serial reaction time task (SRTT) ([@ref006]) was used to evaluate motor skill performance. Briefly, participants were seated in front of a keyboard and a computer screen that displayed a row of white rectangular targets corresponding to each of four sequential keys on the keyboard. Participants were asked to press the key corresponding to the stimulus target as quickly and accurately as possible. The next target would be presented 400 ms following each correct key press. Participants completed a total of 280 key presses during each assessment. During the first block of 50 key presses, the key stimulus sequence was displayed in random order. During the next 15 blocks, a 12-element repeated sequence was presented in each block without participant awareness to evaluate implicit sequence skill performance. During the last block, 50 key presses were presented again in a random order. The duration of each assessment was dependent on participant response time (RT) and each SRTT assessment lasted approximately 3--5 minutes. To evaluate basal motor performance, only the mean RT across the first block of 50 key presses was analyzed in this study. Participants performed the SRTT for the paretic and nonparetic limb in random order at baseline (PRE), POST0, POST30, and POST60 minute time points relative to the PAS protocol delivery.

2.2. Assessment of median nerve somatosensory evoked potentials (SEPs) {#sec0020}
----------------------------------------------------------------------

To evaluate SEPs, a standard bar electrode was placed over the median nerve of the paretic hand with the cathode proximal and the distal end of the electrode aligned with the wrist crease. Localization of stimulation was based on participant report of tingling sensation in the hand territory of innervation. Once the site was determined, stimuli (200*μ*s square wave, monophasic pulse) were delivered a constant current stimulator (DS7A, Digitimer Ltd.) at increasing intensities until an M-wave of 1 mV in peak-to-peak amplitude was evoked in the paretic APB muscle.

During SEP assessment, two hundred stimuli (∼1 mV threshold intensity) were delivered at 3 Hz while the paretic APB was maintained at rest (confirmed by online monitoring of continuous EMG signals by one of the study staff). Participants were asked to report any discomfort or abnormal sensations during the assessment. Electroencephalography (EEG) data were continuously recorded (sampling frequency: 5000 Hz, impedance:\<5k*Ω*, frequency range: 0--1000 Hz, 0.5*μ*V/bit resolution) using a 32-channel TMS-compatible electrode cap (Easy Cap) and amplifier (BrainAmp DC, Brain Products Ltd). The latency of the mean peak of the N20 component of the SEP was extracted from the electrode overlying the primary somatosensory cortex (S1) in the ipsilesional hemisphere (CP3 or CP4) using custom Matlab functions and EEGLAB ([@ref008]). The individual N20 latency was determined for each participant and used to determine the interstimulus interval for PAS delivery and the assessment of short afferent inhibition (SAI) described below.

2.3. Assessments of corticomotor excitability {#sec0025}
---------------------------------------------

Corticomotor excitability was assessed at PRE, POST0, POST30, and POST60 minute time points relative to the PAS protocol measuring the peak-to-peak amplitude of the motor evoked potential (MEP) response. During baseline TMS thresholding procedures and cortical excitability assessments, participants were seated upright comfortably in an arm chair while monophasic magnetic pulses with a 100*μ*s approximate rise time and a 1.0 ms total pulse duration were delivered through a 70 mm hand-held figure-of-eight coil connected to two Magstim 200^2^ stimulators through a Bistim module (MagStim Ltd., Wales, UK). The coil was oriented perpendicular to the central sulcus to induce a posterior-anterior current in the primary motor cortex (M1) of the ipsilesional hemisphere ([@ref009]). Cortical excitability was evaluated by measuring the peak-to-peak amplitude of the motor evoked potential (MEP) response using surface electromyography (EMG). EMG activity was recorded using surface electrodes (9 mm diameter, 4--5 mm inter-electrode distance) that were carefully positioned and affixed to the skin overlying the paretic APB muscle belly, with the electrodes aligned parallel to the muscle fiber orientation. EMG data were sampled using a 16 channel EMG system (BrainAmp ExG amplifier, Brain Products GmbH) at a rate of 5000 Hz and band-pass filtered at 10--1000 Hz. Stereotactic neuronavigation software (BrainSight^®^, Rogue Research Inc.) utilizing each participant's high-resolution T~1~ anatomical MRI image (TR = 7.4 ms, TE = 3.7 ms, flip angle *θ*= 6°, FOV = 256 mm, 160 slices, 1 mm thickness) that was collected prior to the first TMS session. This MRI image was used to map the location of the target paretic abductor pollicis brevis (APB) muscle representation within the lesioned M1. The optimal site for TMS was determined for each participant using standard procedures ([@ref009]). The selected hotspot and coil orientation were registered with Brainsight^®^ for each participant and used in real-time to ensure coil placement and orientation remained consistent for all TMS assessment measures and the PAS intervention.

Prior to assessment or intervention, the resting motor threshold (RMT) needed to produce *a* \> 50*μ*V peak-to-peak amplitude MEP response in at least 3 out of 5 trials was determined for each participant. Additionally, we determined the TMS intensity needed to produce a ∼1 mV MEP response in the same proportion of trials ([@ref004]; [@ref026]; [@ref028]). If a 1 mV MEP could not be elicited, the maximal MEP amplitude was determined and stimulator intensity was set to elicit a MEP 50% of the maximum amplitude to minimize potential floor or ceiling effects during excitability assessments. At each assessment, TMS was delivered over the ipsilesional M1 APB hotspot at a rate of 0.1 to 0.25 Hz as 20 MEPs were obtained for each TMS condition. Given attention levels can affect the corticomotor response ([@ref038]), a visual stimulus was present on the computer screen positioned directly in front of the participant at randomly timed intervals. The participant counted the number of visual stimuli and reported the number after each assessment. The following TMS assessments were performed:

SINGLE-PULSE 1 mV MEP RESPONSE: The test stimulus was set to the ∼1 mV threshold identified before the PAS intervention. Thresholds were not re-evaluated at post-PAS assessments.

SHORT AFFERENT INHIBITION (SAI): The influence of afferent input to primary somatosensory cortex on corticomotor output and the subsequent MEP response constituted a measure of SAI. Single electrical stimuli applied over the paretic median nerve preceded single TMS pulses over the lesioned M1. During the SAI assessment, an interstimulus interval of individual N20 latency plus 3 ms (PAS~N20\ +3~) between the median nerve (intensity: ∼1 mV M wave) and M1 stimulation (intensity: ∼1 mV MEP) was used.

SHORT INTERVAL INTRACORTICAL INHIBITION (SICI) AND INTRACORTICAL FACILITATION (ICF): Inhibitory and facilitatory intracortical components of general corticomotor excitability assessed using SICI and ICF, respectively. The interstimulus intervals between the conditioning and test TMS pulse were set at 2 ms (SICI) and 12 ms (ICF) (Di Lazzaro et al., 2006). The conditioning stimulus was set at an intensity of 80% RMT while the test stimulus was set at the same ∼1 mV MEP intensity used for the single-pulse MEP measures ([@ref046]).

2.4. Paired associative stimulation (PAS) paradigm {#sec0030}
--------------------------------------------------

Participants completed two PAS conditions (PAS and PAS~SHAM~) performed approximately one week apart. The order of each session was randomized. During both sessions, participants were seated comfortably in a chair with arms resting in a pronated position on a pillow on a table set just below the level of the chest. The paretic median nerve was stimulated at the same intensity used for SAI assessment procedures and was held constant for the duration of the PAS session. The site of stimulation was over the ipsilesional M1 motor hotspot and the intensity was set to the ∼1 mV threshold for the paretic APB muscle, as described above.

During the PAS session, a single electrical pulse applied over the paretic median nerve was combined with single-pulse TMS over the lesioned M1. For the PAS protocol, the interstimulus interval between the median nerve and M1 stimulation was the individual N20 latency plus 5 ms to account for conduction time between S1-M1 cortico-cortical connections ([@ref007]; [@ref014]) (PAS~N20\ +5~). Each PAS session consisted of 180 pairs of stimuli (median nerve and TMS) delivered at 0.25 Hz. During the PAS session, participants were instructed to keep APB muscles relaxed bilaterally (verified by monitoring of continuous EMG activity). Due to the effects of attention on PAS-induced plasticity, participants were also asked to count the number of visual stimuli that appeared directly over the paretic APB muscle location ([@ref038]). The PAS~SHAM~ session followed identical procedures to the PAS session, except that TMS pulses were delivered with the orientation of the coil perpendicular to the scalp to minimize biological effects of stimulation.

2.5. Data reduction and analyses {#sec0035}
--------------------------------

### 2.5.1. Corticomotor excitability {#sec0040}

At each assessment, the peak-to-peak MEP amplitudes were averaged for each participant. Mean amplitudes of SAI, SICI and ICF were expressed as a ratio of conditioned over unconditioned (1 mV) MEP responses. Percent change relative to the PRE testing time point was calculated for each MEP variable as \[(PRE -- POST)/PRE\]\*100 ([@ref026]; [@ref028]).

### 2.5.2. Motor skill performance {#sec0045}

The average RT of the 50 key presses completed in the first random block of the modified SRTT was calculated for each assessment for each hand. The RT (reaction time + movement time) was defined as the time between the visual stimulus presentations to the time of the correct key press.

All MEP data for each condition were tested for normality and homogeneity of variance using Kolmogorov-Smirnov and Levene's tests respectively. If these tests met assumptions of normality and homogeneity of variance as indicated by a non-significant test result, then statistical testing was performed using parametric procedures. Separate repeated measures analysis of variance (ANOVA) tests with within-subject factors of time (PRE, POST0, POST30, POST60) and condition (PAS and PAS~SHAM~) were used to test the impact of PAS on corticomotor excitability for all MEP amplitude change measures (1 mV, SAI, SICI, and ICF) and response time. In an exploratory analysis, the relationship between changes in MEP amplitude and changes in response time for measures showing within-subjects effects using Pearson product moment correlation coefficients. All analyses were performed using SPSS version 24 with a critical *α* level set to 0.05.

3. Results {#sec0050}
==========

Complete data sets for cortical excitability assessments were obtained for 6 participants in the PAS condition and 5 participants in the PAS~SHAM~ condition. During the PAS condition, S08 was unable to complete POST30 and POST60 testing time points because of technical issues with data recording hardware. During the PAS~SHAM~ condition, S04 and S08 could not complete the POST60 TMS testing due to time constraints. Complete behavioral datasets were obtained for 5 participants. During both conditions, S06 and S08 could not complete the SRTT keyboard task with their paretic hand due to the magnitude of their motor impairment. Therefore, their behavioral data were not analyzed. The MEP data from each testing condition met assumptions of normality and homogeneity of variance.

3.1. Corticomotor excitability {#sec0055}
------------------------------

A significant increase in MEP amplitude occurred following the PAS but not the PAS~SHAM~ condition ([Fig. 2](#rnn-36-rnn170785-g002){ref-type="fig"}) during the 1 mV condition. Analyses revealed a significant main effect of condition (F~1,5~ =14.59, *p* = 0.02), with greater MEP amplitude increase during the PAS (85.39±78.57%) than the PAS~SHAM~ (12.88±39.85%) condition. We did not observe a significant condition-by-time interaction (F~3,5~ = 1.95, *p* = 0.18) or a main effect of time (F~3,5~ = 2.53, *p* = 0.11) during the 1 mV testing. During the SAI condition, there was a trend towards a change in MEP amplitude over time (F~1,5~ = 4.23, *p* = 0.06) but no observable difference between PAS or PAS~SHAM~ conditions (F~1,5~ = 0.15, *p* = 0.74, [Fig. 3A](#rnn-36-rnn170785-g003){ref-type="fig"}). For the SICI and ICF conditions, there was neither an effect of time (SICI: F~1,5~ = 0.49, *p* = 0.7; ICF: F~1,5~ = 0.63, *p* = 0.62) nor condition (SICI: F~1,5~ = 4.66, *p* = 0.16; ICF: F~1,5~ = 0.45, *p* = 0.57) ([Fig. 3B, C](#rnn-36-rnn170785-g003){ref-type="fig"}).

![Group (left) and individual (right) MEP amplitude (mean±SE) during the 1 mV TMS testing condition. A) Average MEP amplitudes value during PAS and PAS~SHAM~ conditions. B) Average MEP amplitude expressed as a percent change from the PRE test value. \*indicates main effect of condition. C) Individual % change in MEP responses following the PAS and D) PAS~SHAM~ conditions.](rnn-36-rnn170785-g002){#rnn-36-rnn170785-g002}

![Group normalized MEP amplitude (mean±SE) during the PAS and PAS~SHAM~ conditions for A) SAI, B) SICI, and C) ICF TMS tests. No significant interaction or main effects of condition or time were observed. (SAI: short afferent inhibition, SICI: short interval intracortical inhibition, ICF: intracortical facilitation).](rnn-36-rnn170785-g003){#rnn-36-rnn170785-g003}

3.2. Behavioral measures {#sec0060}
------------------------

There was an overall decrease in RT in both paretic and nonparetic limbs over time in both PAS and PAS~SHAM~ condition. There was not a significant difference in RT between PAS and PAS~SHAM~ conditions, as indicated by no effect of condition for either the paretic (F~1,4~ = 0.48, *p* = 0.54) or nonparetic limbs (F~1,4~ = 0.57, *p* = 0.49). Improved motor skill performance was observed (decreased RT) over time in both limbs, though the paretic limb failed to meet our adopted level of significance (paretic: F~1,5~ = 2.64, *p* = 0.11; nonparetic: F~1,5~ = 5.12, *p* = 0.02) ([Fig. 4](#rnn-36-rnn170785-g004){ref-type="fig"}). Correlation analyses revealed a significant negative relationship between change in MEP amplitude (1 mV) versus change in RT across POST testing time points (*r* = --0.651, *p* \< 0.01) ([Fig. 5](#rnn-36-rnn170785-g005){ref-type="fig"}) where larger increases in MEP amplitude were correlated with faster RTs during SRTT performance.

![Response time (RT) on a modified version of the SRTT (mean±SE) for each hand during PAS and PAS~SHAM~ conditions during the first random block for testing time point. There was no significant difference in RT between PAS and PAS~SHAM~ conditions for either the paretic or nonparetic hand performance. RT significantly decreased over time in the nonparetic hand (*p* = 0.02) and in the paretic hand but was not a statistically significant effect. (P: paretic, NP: nonparetic).](rnn-36-rnn170785-g004){#rnn-36-rnn170785-g004}

![Relationship between change in MEP amplitude (1 mV) (mean±SE) versus change in SRTT RT. Exploratory analyses showed a negative relationship between change in MEP amplitude change in RT across POST testing time points suggesting greater PAS-induced increases in cortical excitability were associated with larger improvements in motor skill performance (lower RTs).](rnn-36-rnn170785-g005){#rnn-36-rnn170785-g005}

4. Discussion {#sec0065}
=============

Results of the present study suggest a traditional PAS protocol can increase corticomotor excitability in individuals in the chronic stage of post-stroke motor recovery. PAS did not significantly impact the degree of motor performance improvement in either the paretic or nonparetic limb, although both paretic and nonparetic limbs showed improvements in motor performance over time. Interestingly, exploratory correlation analyses provide preliminary evidence of an association between change in corticomotor excitability and the degree of motor performance improvement following PAS in individuals post-stroke. Together, these findings suggest that PAS may effectively enhance neuroplasticity in a subgroup of individuals post-stroke and could potentially offer a therapeutic adjuvant in combination with rehabilitation strategies to enhance motor recovery in these individuals.

Following PAS, we observed increases in a general measure of corticomotor excitability of the paretic hand following a time course similar to that previously described in neurologically-intact individuals ([@ref028]) and in individuals post-stroke following a modified PAS protocol ([@ref004]) ([Fig. 2](#rnn-36-rnn170785-g002){ref-type="fig"}). We did not observe a significant change in corticomotor excitability following the PAS~SHAM~ condition in the same individuals. The PAS-induced neuroplastic adaptations observed likely occur through LTP-like associative plasticity mechanisms ([@ref026]; [@ref036]) and appear to occur specifically in cortical representations of muscles innervated by the peripheral nerve that was stimulated ([@ref026]). In the present study, we observed the average magnitude of MEP amplitude increase at all post PAS time points in individuals post-stroke (POST0: +65%, POST30: +102%, POST60: +93%). Interestingly, this magnitude of corticomotor excitability increase was at least comparable to that previously reported in neurologically-intact controls and greater than that reported in elderly individuals where facilitatory PAS did not induce a significant neuroplastic effect ([@ref024]; [@ref028]; [@ref036]). Additionally, previous reports found that only 66--76% of young neurologically-intact individuals responded to similar facilitatory PAS protocols immediately following the intervention ([@ref024]; [@ref028]; [@ref038]). These findings are consistent with our results where 5/7 participants showed the expected response at the POST0 time point immediately following PAS. All participants in this study, however, also showed MEP facilitation at 30 and 60 minutes following PAS and no participants demonstrated a robust long-term depression (LTD)-like response to PAS~,~ which is in contrast to some previous reports in young neurologically-intact controls ([@ref024]; [@ref028]). Reasons for differences in both the magnitude of the response and the rate of responders between individuals post-stroke in the present study and previous studies could lie in differences in patient populations and the corticomotor potential for enhanced excitability. A greater potential for corticomotor excitability increase from already decreased baseline levels of corticomotor excitability in the ipsilesional cortex in individuals post-stroke may occur as a result of the lesion itself or could occur secondarily through disuse of the paretic arm and hand ([@ref025]). Moreover, the customization of the interstimulus interval based on individual N20 latencies used in the PAS protocol of the present study may have contributed to a greater magnitude of response and larger percentage of responders compared to previous reports ([@ref024]; [@ref028]). Future research is needed to elucidate the potential underlying factors contributing to differences in results between studies involving different patient populations.

Further, we sought to investigate intracortical mechanisms that may have contributed to observed changes in general corticomotor excitability through intracortical inhibition of M1 elicited by afferent input (SAI) ([@ref042]) and measures of paired-TMS pulse inhibition (SICI) and facilitation (ICF). The increased MEP amplitudes following PAS may be a consequence of reduction in intracortical inhibition on excitatory synapses onto local pyramidal neurons, as has been proposed by previous work regarding effects of PAS in individuals post-stroke ([@ref004]). However, consistent with previous research that examined the effect of PAS on these intracortical measures in neurologically-intact participants, our results showed no significant change in intracortical measures of SAI, SICI, and ICF following PAS or PAS~SHAM~ conditions ([Fig. 3](#rnn-36-rnn170785-g003){ref-type="fig"}) ([@ref030]; [@ref034]; [@ref035]; [@ref036]). Thus, results of the present study do not support the concept that changes in intracortical inhibition or intracortical facilitation underlie PAS-induced changes in general corticomotor excitability in individuals post-stroke. It is possible that PAS-induced increases in corticomotor excitability post-stroke may have occurred subcortically, possibly through changes in thalamo-cortical connectivity via projections from thalamic nuclei to primary somatosensory and motor cortices ([@ref002]). The afferent input and efferent stimuli of the facilitatory PAS protocol could have strengthened the disrupted connectivity in these pathways observed in neurologically-impaired and elderly adults ([@ref012]; [@ref044]) and potentially increased general corticomotor excitability within the primary motor cortex. This conjecture may be supported by previous work that demonstrated altering cerebellar neuronal activity through transcranial direct current stimulation (tDCS) blocked the effects of a facilitatory PAS protocol in neurologically-intact individuals, presumably by acting on thalamic synapses projecting to somatosensory and motor cortices ([@ref015]). Similar disruption studies of this type performed in individuals after stroke would be useful for understanding the neuroanatomical origins of PAS-induced neuroplasticity in these patient populations.

Evaluation of motor performance on the modified SRTT showed improvements in RT that occurred over time with task practice in both paretic and nonparetic limbs, with no observed differences between PAS versus the PAS~SHAM~ protocol ([Fig. 4](#rnn-36-rnn170785-g004){ref-type="fig"}). In contrast to previous results in young neurologically-intact individuals ([@ref005]; [@ref028]) these results suggest that PAS did not enhance motor performance on this task in a cohort of individuals post-stroke after a single application. Interestingly, novel exploratory analyses showed a relationship between change in MEP amplitude and change in RT ([Fig. 5](#rnn-36-rnn170785-g005){ref-type="fig"}). Individuals post-stroke with the largest PAS-induced increases in corticomotor excitability showed the greatest improvements in motor performance following PAS. A similar relationship between PAS-induced enhancements of corticomotor excitability and motor performance was previously reported in individuals with schizophrenia ([@ref013]) while others did not detect a relationship in young neurologically-intact participants ([@ref028]). Together, these data suggest that differences in the neural mechanisms mediating PAS-related motor skill performance enhancement may exist between neurologically-intact versus neurologic patient populations. Future work is needed to compare PAS-induced neuroplastic and behavioral changes between individuals post-stroke and matched controls and the effectiveness over long-term interventions.

The facilitation of corticomotor excitability after PAS was highly variable between individuals in this study with levels similar to those previously reported in neurologically-intact individuals (Stefan, Kunesch, Cohen, Benecke, & Classen, 2000b) and in wrist extensor muscles of individuals post-stroke ([@ref003]). Though mean MEP amplitudes demonstrated increases in corticomotor excitability following PAS, individuals' overall responses to PAS at all POST testing time points ranged from --17 to +318% increase from baseline. Variability in response to interventions is commonly observed in post-stroke patient populations ([@ref020]; [@ref027]). Participants in the present study showing the greatest magnitude or corticomotor excitability increase may have sufficient neural substrate supporting PAS-induced enhancement of motor skill performance ([@ref020]; [@ref033]). Though baseline measures of corticomotor function generally show limited prognostic ability for rehabilitation outcomes in the chronic stage of stroke recovery ([@ref020]), individual corticomotor response to a single session of PAS might potentially be an important indicator for response to a long-term intervention, similar to findings reported for other post-stroke intervention strategies ([@ref020]). Specifically, if corticomotor response to a single session of PAS revealed that an individual possessed a high degree of associative plasticity, then that individual may be a good candidate for subsequent PAS sessions coupled with rehabilitation focused on improving paretic hand function. In contrast, if corticomotor response to a single PAS session showed a low degree of associative plasticity, then PAS may not be an effective tool for that individual and rehabilitation efforts could focus on nonparetic limb compensation to maximize motor function. In this way, measurements of corticomotor response to a single PAS session could have clinical utility in the quantification of individual neuroplastic responses and ultimately help to individualize stroke rehabilitation for a heterogeneous patient population and maximize post-stroke functional outcomes. Additionally, Harris-Love and Harington ([@ref017]) suggested using a framework which incorporates patient-, lesion site- and task-specific factors that may help to individualize stroke rehabilitation and improve outcomes for interventions utilizing noninvasive brain stimulation. Future research is needed to confirm these findings in larger stroke cohorts to determine specific patient characteristics that may explain variability in individual responses to PAS and to identify those individuals who may benefit most from PAS interventions.

4.1. Limitations {#sec0070}
----------------

Some limitations of the present study are important to consider in the interpretation of the results. The preliminary nature and small sample size of this study may have led to underpowered statistical analyses, particularly regarding analyses of intracortical and motor behavioral measures. The small cohort coupled with heterogeneity of lesion location and levels of motor impairment could have contributed to the high variability of responses to the PAS intervention. In this study, behavioral measures were a secondary outcome and consisted of a motor task that was found to be too challenging for two participants to perform with the paretic hand; future studies should consider a motor behavioral task assessment to allow for inclusion of individuals post-stroke across a wider spectrum of motor impairment levels. All participants in the present study were mild to moderately impaired; however, more severely impaired individuals after stroke could show different responses to PAS ([@ref023]). Additionally, we did not report a clinical measure of motor function in response to PAS, which will be a necessary step for demonstrating the therapeutic potential of PAS in stroke rehabilitation. Due to the number of assessments and time constraints of the testing session, we did not perform neurophysiologic assessments of the contralesional hemisphere. Assessment of potential neurophysiologic changes in the contralesional hemisphere following PAS could provide useful and important information, potentially explaining some observed changes within the ipsilesional hemisphere, and should be investigated in future studies. Lastly, we did not evaluate the status or integrity of other cortical pathways that could offer other potential targets for therapeutic applications ([@ref017]).

5. Conclusions {#sec0075}
==============

The present findings provide preliminary evidence for the effectiveness of PAS to induce changes in cortical neuroplasticity in chronic individuals post-stroke and are an important step for future studies investigating the clinical application of PAS interventions in patient populations. The observed findings support the effectiveness of PAS to enhance corticomotor excitability in individuals post-stroke and provide novel evidence that a relationship exists between PAS-induced corticomotor excitability change and post-stroke motor skill performance. Future work will need to clarify the behavioral relevance of PAS-induced corticomotor excitability changes in chronic stroke patient populations and neurophysiologic factors underlying the interindividual variability in response to PAS intervention.
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